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Lipases from Candida cylindracea and hog pancreas have been used to study the reaction kinetics
of enzyme catalysed synthesis of substituted 3-cyano-2-pyridones by cyclization of 1,3-diketones with
cyanoacetamide. Influence of diketone:cyanoacetamide ratio, enzyme:substrate ratio, temperature, or-
ganic media, type of enzyme and alkyl substituents on the reaction is reported. Kinetics for allosteric en-
zymes is indicated and apparent rate constants are calculated. However, the activation parameters ob-
tained are more compatible with the Henry-Michaelis-Menten approach and the corresponding kinetics
is also discussed.
It has been shown previously that lipase from Can-
dida cylindracea has a catalytic effect in the cycli-
zation reaction of cyanoacetamide with 1,3-
diketones and that an excess of cyanoacetamide is
necessary to achieve a high reaction rate'. A num-
ber of alkyl substituted 3-cyano-2-pyridones were
prepared using lipase from C. cylindracea and the
products were characterized by m.p., IR and 'n
NMR spectra. Synthesis were performed with an
excess of cyanoacetamide (30 mols to 1 mol) and
almost equal quantities of enzyme and diketone (1
g of lipase to 0.8-1.25 g of 1,3-diketonei. We also
synthesised alkyl.aryl-substituted 3-cyano-2-pyri-
dones under the similar reaction conditions'.
In the previous investigations'? as well as in the
present study, we dealt with a new type of cata-
lysed reaction, and it has now become of interest to
establish the behaviour of such a system under dif-
ferent conditions as well as to study the ezyme ki-
netics. To achieve that, influence of the diketone:
cyanoacetamide ratio on the reaction rate was de-
termined. Other investigations include: influence of
the enzyme:substrate ratio, temperature, organic
media and the influence of the structure of alkyl
substituents on the reaction rate. Enzyme kinetics
was studied and apparent rate constants for the re-
action were calculated. Activation parameters were
obtained from the rate data at three temperatures.
It is well known that cyclization of cyanoacet-
amide with symmetrical and unsymmetrical 1,3-
diketones yields the corresponding pyridones".




Scheme I - Reaction of l.J-diketones with cyanoacetamide yielding
4.6-disubstituted-3-cyano-2-pyridones
diketones are employed (Scheme I), one of the two
products which has the larger group in position-a,
is the main products.
Investigation of the kinetics of the same reaction
catalysed by piperidine has been reported earlier".
Materials
Three lipases used were namely, lipase from
C. cylindracea "Sigma", Type VII, activity 66.5
units mg" of solid; lipase from C. cylindracea
"Meito Sangyo Co. Ltd.", Tokyo, Japan, activity
360 units rng' of solid; and lipase from hog pan-
creas "Fluka", activity 2.97 units rng'" of solid.
Starting 1,3-diketones were synthesised from
corresponding ketone and ethyl acetate', except
acetylacetone (2,4-pentadione), "Fluka", p.a. Cya-
noacetamide was also obtained from "Fluka", pu-
rum. Deionized water obtained by "Millipore Pack
System" was prepared by IHTM Institute, Electro-
conversion Department in Belgrade.
Methods
UV spectra were recorded on the Varian Super-
Scan 3 UV spectrophotometer.
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Fig. 2 - Influence of branching (e-n-butyl substituted pyri-
done; .-iso-butyl substituted pyridone; .A.-ter-butyl substi-
tuted pyridone)
Table I - Influence of cyanoacetamide: I ,3-diketone ratio on the condensation reaction catalyzed by lipase from
C.cylindracea "Sigma"
1,3-Diketone [diketone]x 104 [lipase] Temp. Reaction time Optimal cyanoacetamide :
mol/em' mg/crrr' °C hr I ,3-diketone ratio
mol:mol
2,4-Pentanedione 4 4 40 1.5 44
0.5 7.5 2 60
2,4-Hexanedione 2 4 42 2 liS"
2,4-Heptanedione I 4 40 2 80
5-Methyl-2,4-hexanedione I 8 40 3 110
6-Methyl-2,4-heptanedione 9.86 4 40 2 240
"Reaction mixtures in all experiments were magnetically stirred except in case of2,4-hexanedione which was done on a shaker
Table II - Influence of enzyme:substrate ratio on the reaction catalyzed by lipase from C.cylindracea "Sigma"
1,3-Diketone [Initial diketone] x 104 Temp. Reaction time Optimal enzyme: Substrate cyanoacet-
mol/ern' °C hr substrate ratio amide: 1,3-diketone
g/mol ratio
mol:mol
2,4-Pentanedione 4 40 1.5 100-125 44
2,4-Pentanedione 0.5 40 2 1500 50
2,4-Hexanedione 2 42 2 200 liS"
"Reaction mixtures in all experiments were magnetically stirred except in a) which was done on a shaker
Influence of mixing (A). All the experiments
were done in a batch reactor, using a magnetic stir-
rer ("Janke Kunkel"). System volume was 10 mL
and the 50 mg of enzyme (lipase from C. cylin-
dracea "Sigma") was used. Acetylacetone (2,4-
pentandione) concentration was 0.5x 10-4 mole
cm-3 and cyanoacetamide concentration was
2.5x I0-3 mole cm-3. Reaction was carried out at
40°C. After certain period of time, 0.4 mL of
liquid was taken from the system, diluted to 50 crrr'
and analyzed on UV spectrophotometer. Results
are shown in Figure I.
Influence of the cyanoacetamide: diketone ra-
tio (8). System was similar to that mentioned for
(A) except that the amount of lipase was mainly 40
mg and mixing speed 500 rpm. While the concen-
tration of 1,3-diketone was kept constant, the cya-
noacetamide concentration was varied. Conditions
and results are given in Table I.
Influence of the enzyme: substrate ratio (C).
System and procedure were the same as in the pre-
vious experiment (8) except that the concentrations
of diketone and cyanoacetamide were kept constant
while the concentration of enzyme varied. Condi-
tions and results are given in Table II.
Influence of alkyl substituents (D). In the bach
reactor 1.25x 10-3 mole of starting 1,3-diketone,
0.075 mole of cyanoacetamide (1 : 60 mole to
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Table III - Influence of alkyl substituents on the reaction catalyzed by lipase from Ccylindracea "Sigma"
1,3-Diketone Diketone GC purity Yield Blanks Initial reaction
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Fig. 3 - Influence of initial substrate concentration (+-methyl
substituted pyridone; .-ethyl substituted pyridone; JiJ..-n-
propyl substituted pyridone)
mole), 100 mg of lipase from C. cylindracea and
25 mL of deionized water were mixed at 40°C and
stirred with a magnetic stirrer for 24 hr. Samples
were taken and analyzed as described above in ex-
periment A. Blanks were run in parallel. Condi-
tions and results are given in Table III.
Another experiment (E) was the synthesis 4-
butyl-6-methyl-3-cyano-2-pyridone. Initial con-
centration of diketone was 2.8xl0-3 g cm:'
(1.98xl0-5 mole cm-3) and of cyanoacetamide
40.36xl0-2 g cm-3 (4.8xI0-3 mole cm'"). Reaction
was run in 50 mL of water and 500 mg of lipase
was added. Results are shown in Figure 2.
Influence of the enzyme type (F). Reaction of
2,4-pentadione with cyanoacetamide was per-
formed under the same conditions as reported
above in experiment (A) and also for the two other
enzymes. Results are given in Table IV.
Influence of organic media (G). 5x 10-4 mole of
2,4-pentanedione (0.05 g), 3xl0-2 mole of cyano-
acetamide (2.52 g), 100 mg of lipase from C. cylin-
dracea "Sigma" and 10 mL of organic solvents
were mixed under reflux in a batch reactor at 500
rpm (Expt A). Solvents used in this experiment























Table IV - Influence of the enzyme type on the reaction















14 Influence of the initial substrate concentra-
tion (H). Influence of the initial substrate concen-
tration on the initial reaction rate was examined in
the substrate concentrations interval between
2x 10-3 and 14x 10-3 g em -3 of the starting diketone
and with an excess of cyanoacetamide as men-
tioned in Table V. Concentration of lipase from
C.cylindracea was 4x 10-3 mg cm". System volume
was 10 crrr' and mixing speed 500 rpm (Expt A).
All experiments except one were done at 40°C.
Results are given in Figures 3 and 4 and Table V.
Influence of temperature (I). For 2,4~
pentanedione and 2,4-heksanedione influence of
initial substrate concentration on the initial reaction
rate was also performed in the temperature range
30-52 °C. Conditions were the same as above (A).
Results are given in Tables 6 and 7 and Figures 5
and 6.
Results and Discussion
Lipase from C.cylindracea "Sigma" was used to
examine the condensation reaction of cyanoacet-
amide with 1,3-diketones. Two other lipases were
also used in order to compare the behaviour of dif-
ferent enzymes.
To be certain that the real reaction rate is being
measured, an experiment which showed the influ-
ence of mixing on the reaction rate, was performed.
It can be seen from Figure 1 that in the examined
range (200-600 rpm), which was normally used in
similar experiments, no significant change in the
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Table V - Henry Michaelis Menten kinetics. Influence of initial substrate concentration on the initial reaction rate for the





2,4-Pentanedione 4.0 6.00 12.5 60
~30 44
50
2,4-Hexanedione 4.4 3.3 7.88 60
166.0" 87.2" 115"
2,4-Heptanedione 2.8 1.36 7.76 60
5-Methyl-2,4-hexanedione 1.55 0.60 1.75 60
2,4-0ctanedione 2.1 0.60 6.07 60
5,5-Dimethyl-2,4-hexanedione 0.9 0.36 3.39 60




Table VI - Allosteric enzyme kinetics. Influence of initial substrate concentration on the initial reaction rate for the lipase
from C.cylindracea "Sigma"
1,3-Diketone n [S]O.5x105 [S]oc/[S]o 1 K'40 Substrate cyanoacetamide:
mol/ern' mol/ern' 1,3-diketone ratio
mol:mol
2,4-Pentanedione 3.23 3.48 5.8 3.97xIO-15 60
2.94 4.22 5.9 1.38x 10-13 44
2.51 3.74 8 7.72xlO-'2 50
2,4-Hexanedione 2.66 3.36 7.3 1.26xlO-12 60
3.05" 1.0" 6.4" 5.12xlO-'6" 115"
2,4- Heptanedione 3.46 2.47 6.5 1.15x 10-16 60
5-Methyl-2,4-hexanedione 2.45 1.44 10.4 1.37xlO-12 60
2,4-0ctanedione 2.65 2.07 10 3.86x 10-13 60
5,5-Dimethyl-2,4-hexanedione 1.43 6.27 12 3.63xlO-8 60
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Fig. 4 - Influence of initial substrate concentration (+-n-
butyl substituted pyridone; .-iso-butyl substituted p~ridone;
..A.-iso-propyl substituted pyridone)
reaction rate was observed with the change of the
mixing speed.
In our previous reports'< we showed that an ex-
cess of cyanoacetamide is necessary to achieve the
highest reaction rate. As it can be seen from Table I
that the optimal cyanoacetamide : 1,3-diketone ra-
8
tio differs from one diketone to another, but an in-
crease with the number of atoms in the molecule of
1,3-diketone is obvious as well as with the
branching. It seems that the cyanoacetamide except
being the reactant in the reaction itself, has some
effect on the surroundings of the enzyme reaction
center.
Similar experiments were done to find the opti-
mal enzyme : substrate ratio. Two diketones were
used and the results are given in Table II. Al-
though, all the experiments were done with the op-
timal cyanoacetamide : diketone ratio, optimal en-
zyme : substrate (diketone) ratio differs for 2,4-
pentanedione and 2,4-hexanedione. There is a
slight increase in the ratio with the chain length but
it can be due to the concentration of starting 1,3-
diketone (Table II).
The results of an experiment done with the same
cyanoacetamide : diketone ratio and enzyme : sub-
strate ratio are as given in Table III. Although GC
purity of the starting diketones varied as well as the
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Fig. 6 - -log Vmax vs Iff plot C.-methyl substituted pyri-
done; .-ethyl substituted pyridone
Table VII - Influence of temperature on the reaction (for Henry-Michaelis-Mennten kinetic)
Temp. V mllxX 105 substrate cyano- s, 111ft ss t






2,4-Pentanedione 30 l.l0 44 99.82 97.26 0.24 22.90
35 1.45 44
40 4.00 44
2,4-Hexanedione 32 0.115 115 70.78 68.16 0.14 24.18
42 0.45 115
52 0.65 115
yield of produced pyridones, certain regularities
were established. An increase of the number of
carbon atoms in diketone molecule decreased the
initial reaction rate. The same could be expected to
occur with branching but it has not been observed
in the synthesis of propyl substituted pyridone
while it is observed in butyl substituted pyridone
(Table IIi and Figure 2).
Figure 2 shows the effect of branching when the
reaction of butyl substituted pyridones was cata-
lyzed by lipase from C.cylindracea "Sigma". Dif-
ferent initial reaction rates are observed, highest for
n-butyl substituted pyridone and the lowest for tert-
butyl substituted pyridone as it could be expected.
It is surprising that after 24 hr of the reaction the
obtained yields are inversely related, highest for
tert-butyl substituted pyridone and lowest for n-
butyl substituted pyridone. Certain irregularities
were also observed in the previous series where
tert-butyl substituted pyridone shows the highest
yield or that for iso-propyl substituted pyridone it is
higher than for n-propyl substituted pyridone
(Table III). From Figures 3 and 4, it is clear that an
increase in the number of carbon atoms and mole-
cule branching lowers the reaction rate. This is true
for 2,4-pentanedione, 2,4-hexanedione, 2,4-hep-
tanedione and 2,4-ocanedione; for 2,4-heptane-
dione and 5-methyl-2,4-hexanedione; and for 2,4-
octanedione and 5,5-dimethyl-2,4-hexanedione.
When different lipases were employed in the re-
action, results shown in Table IV were obtained.
The highest yield gives lipase C.cylindracea from
"Meito Sangyo" but it has the lowest initial reac-
tion rate, while lipase C.cylindracea from "Sigma"
has the highest reaction rate and gives almost the
same yield as lipase from hog pancreas. Origin and
preparation of lipases as observed has a consider-
able but expected influence on their catalytic capa-
bilities.
Enzymatic synthesis in organic media is now-a-
days an increasingly important approach to the
production of different chemical substances and
use of enzymes. When the condensation reactions
ofcyanoacetamide with 1,3-diketone were per-
formed in organic solvents, namely, ethyl acetate,
n-butyl acetate, 2-butanone, n-hexane and chloro-
form, no enzyme activity was observed for two
hours. Addition of water initiated the reaction,
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Table VIII - Influence of temperature on the reaction (for allosteric behaviour)
1,3-Diketone Temp. n [S,o.sx I05 [S]o.J[S]o , K' Substrate E. Mlt t:S M;!





2,4-Pentane- 30 3.96 2.69 12.4 7.98x 10-'9 44 933.99 931.40 2.89 39.05
dione
35 3.90 3.70 7.5 5.2x I0-'7 44
40 2.94 4.22 5.9 1.38x 10-13 44
2,4-Hexane- 32 3.96 1.00 3.3 1.56x 10-20 115 650.60 648.00 1.93 38.52
dione
42 3.06 0.99 6.4 5.12xlO-'6 115
52 2.52 0.70 8.3 1.02x 10-13 115
which shows that water is crucial for the enzyme
activity in this type of the reaction mid that enzyme
catalysis cannot be performed solely in organic
media.
We believed that in this reaction we will deal
with Henry-Michaelis-Menten kinetics (Table V).
However, results obtained from Figures 3 and 4,
which show the relationship of the initial reaction
rate vs initial substrate concentration (indicated by
the sigmoidal shape of the velocity curves), prove
that this is an example of allosteric enzymes kinet-
ics, possibly the phenomenon called "cooperative
binding" or "positive cooperativity" 8.
The data in Table VI show some of the charac-
teristics of the allosteric enzyme reaction kinetics.
Value n represents the minimum number of. sub-
strate binding sites per molecule of enzyme. Ex-
periments at 40 DC give 1.43 as the lower number
for 5,5-dimethyl-2,4-hexanedione and 3.46 for 2,4-
heptanedione hence the actual number of sites
should be between 2 and 4. If there are two active
sites, the cooperativity is very high between sites
and if there are four active sites the cooperativity,
is poor. [S]05 concentration which represents the
substrate concentration at 0.5V max is another char-
acteristics which can be calculated from the data
given in Table VI. It decreases with an increase in
number of carbon atoms in the substrate molecule
(Figures 3 and 4). Obviously this is because Vmax
decreases in the same way.
The ratio [S]09/[S]OI has sigmoidal shape and
from Table V one can see that these values are
between 5.8 and 12, which is a further indication of
the behaviour of the lipase from C.cylidracea
"Sigma'".
.......•••• _ _-_ _----- ----------------- -~-
In Tables VII and VIII the influence of tem-
perature on the rates of the investigated reaction is
shown for 2,4-pentanedione and 2,4-hexanedione.
As expected, the reaction rates for two com-
pounds, expressed both as Vmax (Table VII) and K'
(Table VIII), increase with the temperature, but are
slower for 2,4-hexanedione, which could be ex-
plained by less symmetry and because one of the
alkyl groups is more voluminous, It could be seen
from Table VIII, which relates to allosteric behav-
iour, that the value of n lies between 2 and 4 but
both ratio [S]O.5 & [S]09/[S]OI vary with opposite
trends for the two compounds.
In order to get a better insight into the kinetics
and mechanism, we calculated the activation pa-
rameters from 10gVmax values at three temperatures
(Table VII and Figure 5) for Henry-Michaelis-
Menten kinetics, as reported in the literature8. The
same parameters were calculated for allosteric ki-
netics, from the values of 10gK' (Table VIII and
Figure 6). Both relationships, the 10gVmax and
10gK' vs 1IT plots show change in the slope, for
both the diketone substrates, which is indicative of
the change in the rate limiting step".
Keeping in view the optimal temperature region
for the activity of the enzyme used, we decided to
calculate the activation parameters from the slope
of the statistical linear plots, as the corresponding
correlation coefficients were fairly satisfactory
(R~0.95), and these data are given in Tables VII
and VIII. The calculated activation parameters in-
dicate that more realistic approach is the proposi-
tion of the Henry-Michallis-Menten behaviour,
. particularly concerning the activation energy val-
--_ _----------.---- _--------._ -- _---- _ _-----.__ _-----_ _------.-
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ues, which are too high if allosteric behaviour of
the enzyme is anticipated. The values of Mf and
i\Gt are also more compatible with enzyme kinet-
ics, if Henry-Michallis-Menten approach is used
for calculation. The value for ~ is disappointing
as one would expect a higher negative value for
enzyme catalysis. However, as this is a two-
substrate reaction, one could not easily visualise a
highly ordered transition state. Keeping in mind the
controversy of the [S]05 and [S]09/[S]OI values, it
appears that the Henry-Michallis-Menten model
describes more satisfactorily the kinetics of the in-
vestigated reaction.
It is interesting to note that although 2,4-
pentanedione reacts faster than 2,4-hexanedione,
the calculated energies of activation are inversely
related.
There is still an unresolved controversy about
the polar effect of the alkyl groups. It is however,
believed by Jones" that alkyl groups have ap-
proximately the same electron releasing ability, and
that differences in substituent effects appear be-
cause of steric and solvation factors. Because of the
specificities of the enzyme catalysis, it is possible
to visualize that both effects could be operative in
investigated reaction and act differently in the for-
mation of enzyme-diketone complex via the non-
bonding interaction of the two diketone substrates
with the active sites of the enzyme. The difference
could be particularly large in the product desorp-
tion step, after the reaction is completed. Hence the
different direction of the deflection in the logvrnax
vs liT plots which could be visualised for the two
diketones (Figure 5) as a sum of steric and solva-
tion factors. For 2,4-hexanedione, the ES complex
is easier to form, as lipases are essentially hydro-
phobic, hence the lower energy of activation, but
from the same reason the desorption is more diffi-
cult and the overall reaction is slower than for 2,4-
pentanedione. Formation of the ES complex for
2,4-pentanedione, is easy, because the molecule is
symmetrical and smaller, the desorption easier, and
the overall reaction faster.
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